A colloidal powder was prepared by fixing polyaniline (PANI, conducting polymer), poly(vinyl alcohol) (PVA, surfactant stabilizer) and a suitable dopant anion to silica-gel powder. This hydrophilic composite colloidal particle incorporates anions with the protonation of PANI in an acidic solution. The anion can be exchanged with other anions when the colloid is immersed in an acidic solution. Thus, the PANI colloid works as an ion exchanger. The ion-exchange properties on the composite colloidal powder were investigated. Anions were successfully and easily exchanged in the order Br -< Cl -< NO3 -< ClO4 -< SCN -. This ion-exchange selectivity corresponds largely to the ion-exchange equilibrium constants, which are based on a hydrophobic interaction between the anion and colloid. However, this ionexchange selectivity does not agree simply with the lipophilic order, but is instead explainable by a gap in the effective ion-exchange capacity due to a size effect between the micropore on the colloidal particle formed by the dopant anion in polymerization and anion sizes in the hydrophobic environment.
Polyaniline (PANI), a conducting polymer, has received considerable attention. Polyaniline is constructed from reduced amine units and oxidized imine units. The state of the polymer in terms of the ratio of units can be varied by the chemical and electrochemical reduction and oxidation between leucoemeradine (fully reduced) and pernigraniline (fully oxidized). [1] [2] [3] In an acidic solution, an anion can be incorporated as a dopant into PANI by protonation of nitrogen atoms. It has been reported that the dopant anions can be exchanged with other anions in an immersed solution at equilibrium. 4 Thus, the anion incorporated into PANI can be released into a concentrated ionic solution by ion-exchange and in basic solution by deprotonation. 5 When used in this way, PANI can be applied as a functional ion separator.
Although PANI can be readily prepared by the chemical and electrochemical methods, it is insoluble in many solvents and decomposes at below the melting temperature. Thus, various investigations have been carried out for the improvement of processability. Many studies on the preparation of various polyaniline colloids have been presented toward improving the processability of PANI. [6] [7] [8] [9] Polyaniline colloid can be prepared in aqueous solution containing a polymeric surfactant, such as poly(vinyl alcohol) (PVA). The colloidal particle formed from PANI and PVA has a rod-like morphology about 150 -220 nm in length, providing a high surface area and extensive capacity for anion-exchange. The ion-exchange properties of colloidal particles have been examined by a number of researchers, 10, 11 and the ion-exchange selectivity of a PANI colloidal particle has been found to differ from that for common anion-exchange resins. However, the reason is not yet fully understood. In the present work, a PANI/PVA colloidal powder was prepared using silica-gel powder, and investigated as an anion exchanger, leading to a discussion of the mechanism driving the observed ion-exchange selectivity.
Experimental

Apparatus
The sample solution was analyzed by ion chromatography. The chromatograph system consisted of a pump (L-6000, Hitachi Ltd.), a conductivity detector (L-3720 Hitachi Ltd.), a column oven (L-5020, Hitachi Ltd.) with sample injector and a separation column (Shodex IC I-524A; φ4.6 × 100 mm, Showa Denko). The analytical signals were recorded and processed using Hitachi Model D-2500 Chromato Integrator.
Reagents and chemicals
Poly(vinyl alcohol) (PVA) (Ishizu Seiyaku Ltd., DP = 300) and silica-gel powder (Wako Pure Chemical Industries, Ltd., 300 mesh) were employed as received. All of the other chemicals used were of reagent grade. Distilled water was prepared using an automatic water distillation system (AQUEOUS GS-20, Advantec).
Preparation of the PANI/PVA colloids fixed on silica gel
The PANI/PVA colloidal powder incorporating Cl -as a dopant (PANI/PVA(Cl -)) was prepared as follows based on a method reported by Syed et al. 4 A total of 15 cm 3 of silica-gel powder was stirred into a mixture of 100 cm 3 of 0.2 mol dm -3 HCl solution containing 0.03 mol of dissolved aniline and 3.52 g PVA.
To this mixture, 0.01 mol of ammonium peroxodisulfate was added while stirring and stirring was continued for 12 h at room temperature to produce composite colloids fixed on silica-gel powder. The products were separated by decantation and washed with 1.0 × 10 -3 mol dm -3 HCl solution until the washings ran clear. The powder was then stored in 1.0 × 10 -3 mol dm -3 HCl solution. The same preparation was also performed using other dopants, and washed using the corresponding acid at the same concentration.
Ion-exchange procedure
Two cubic centimeters of PANI/PVA(Cl -) colloidal powder were introduced into a 100 cm 3 flask and washed several times with 1.0 × 10 -3 mol dm -3 HCl solution. The amount of colloidal powder was measured as the sedimentation volume in distilled water. Ten cubic centimeters of the sample solution were then added to the flask. All sample solutions were prepared by dissolving sodium or potassium salts with various anions in distilled water, and the pH was adjusted using the relevant acid. The concentration of anions in the sample solution was determined based on the concentration of anions from dissolving salt and the added acid. The flask was shaken for 24 h at room temperature to achieve equilibrium, and the concentrations of nitrate and anions in the solution were measured by ion chromatography. Ion-exchange experiments of other anions were also carried out using a similar method.
Results and Discussion
Ion-exchange equilibrium
The adsorption and desorption rates for the interaction between exchange anions and PANI/PVA(Cl -) were investigated by the following procedure. Five cubic centimeters of PANI/PVA(Cl -) colloidal powder were introduced into a 300 cm 3 This reaction was approximately equilibrated after 30 min.
The ion-exchange properties of the PANI/PVA colloidal particle were studied by the following method. Kataoka et al. 12 presented the following equation for the ion-exchange equilibrium of resin in chloride form in the presence of monovalent anions in aqueous solution:
where K
x Cl is the ion-exchange equilibrium constant, C and q are the concentrations in aqueous solution and resin, respectively, and Q is the ion-exchange capacity of the resin. This equation shows that a plot of qx against (qxCCl)/Cx has a linear relationship with a slope of -1/K x Cl and the intercept gives the ion-exchange capacity. That is, the ion-exchange properties of the ion exchanger, the ion-exchange equilibrium constant (K
and the capacity (Q), can be calculated using this equation.
The related experimental procedure was as follows. Ten cubic centimeters of a sample solution containing the exchange anion at a concentration of 1.0 × 10 -3 to 1.0 × 10 -4 mol dm -3 were added to 2 cm 3 of PANI/PVA colloidal powder in a 100 cm 3 flask. The flask was shaken for 24 h at room temperature, and the concentrations of the absorbed anion and released dopant anion were determined by ion chromatography. The values of qx and (qxCNO 3 )/Cx were then calculated and plotted. In this result, plots of the ion-exchange properties corresponding to Eqs. (1) to (3) , that is, qx and (qxCNO 3 )/Cx, give straight lines, which are consistent with the equations for ion-exchange reaction. Therefore, the change in the anion concentration is attributable to an ion-exchange of the colloidal powder, confirming that PANI/PVA colloidal particles act as an anion exchanger in aqueous solution. The ion-exchange parameters obtained by this method were used to evaluate the characteristics of the PANI/PVA colloidal powder. In this paper, the calculated ion-exchange capacity (Q) is referred to as the effective capacity of ion-exchange.
Effect of pH on ion-exchange
It has been reported that PANI releases dopant anions at pH values higher than 5 -6 due to deprotonation. Ion-exchange equilibrium plots between NO3 -in the PANI/PVA colloidal powder and Cl -in the sample solution adjusted at various pH values are shown in Fig. 2 . These results show that although the ion-exchange equilibrium constant varies with pH, the effective capacity remains constant, indicating that the dopant level of PANI (related to the rate of protonation) is little affected by the hydrogen-ion concentration in a sample solution at pH 4 to 6. However, the ion-exchange equilibrium constants are indeed affected by changes in pH. In this result, a decrease in the hydrogen-ion concentration gives rise to a decrease in the concentration of the anion-exchange sites according to the lower deprotonation of PANI. Therefore, the differences in the amounts of ion-exchange with pH occur as the result of a change in the equilibrium of the ion-exchange.
The changes in the amounts of ion-exchange with pH were then measured and compared with the properties of the ionexchange equilibrium.
The ion-exchange amounts of PANI/PVA(NO3 -) colloidal powder (2 cm 3 ) were measured in a Cl -solution (1.0 × 10 -3 mol dm -3 ) adjusted at pH 3 -9. The results are shown in Fig. 3 . The amount of Cl -absorbed onto PANI/PVA(NO3 -) colloidal powder from the sample solution decreased with decreasing the hydrogen-ion concentration below about pH 6. This variation of the ion-exchange amounts corresponds to the changes in the ion-exchange equilibrium constants with pH of the immersed solutions. This is explainable as being due to the dispersion of exchangeable anions into the colloidal matrix as the ion pairs with hydrogen ion, leading to an exchange of the dispersed anion with the fixed anion at the anion-exchange sites. Accordingly, the anionexchange reaction is influenced by the concentration of hydrogen ions because of the formation of ion pairs consisting of exchangeable anions and hydrogen-ions. This behavior is attributable to the hydrophobic interaction between the lower ionicity of the ion pair and the hydrophobic environment in the colloidal matrix. Thus, the ion-exchange selectivity of this colloidal powder is mainly dominated by the equilibrium constants.
Ion-exchange for various anions
The amount of anion adsorbed onto PANI/PVA(Cl -) and PANI/PVA(NO3 -) was investigated by immersing the colloidal powder (2 cm 3 ) in sample solutions (10 cm 3 , pH 4) containing various anions, and measuring the decrease in the anion concentration in solution (Fig. 4) . The degree of ion-exchange increased according to the sequence Br -< Cl -< NO3 -< ClO4 -< SCN -. This sequence is similar to the reverse order of the ionexchange amounts described above and the Hofmeister series 13 (Cl -< Br -< NO3 -< SCN -< ClO4 -), which is known to be the lipophilic order. In an ion-exchange resin, the ion-exchange selectivity is related to the lipophilic affinity between the resin and the exchangeable anion. PANI colloidal powder exhibits similar properties to an ion-exchange resin because of its lipophilicity. These results are supported by the observed variation with pH in the sample solution. However, the ionexchange selectivity varies slightly from the Hofmeister series in the positions of Cl -, ClO4 -and SCN -.
Equilibrium plots of PANI/PVA(NO3 -) in various anion solutions are shown in Fig. 5 . These plots form straight lines, and the ion-exchange equilibrium constants and the effective capacities of the ion-exchange calculated from these plots are given in Table 1 . The order of the ion-exchange equilibrium constants, calculated from the slopes of each line, fit the order of the Hofmeister series, indicating that the ion-exchange equilibrium constants, K x NO3 , themselves varied according to the lipophilic affinity between the colloid and the exchangeable anion. However, the order of the ion-exchange amounts differs, showing that the ion-exchange selectivity of the PANI/PVA colloid (shown in Fig. 4) is not wholly dependent on the hydrophobic affinity.
The degree of ion-exchange for SCN -is greater than that for ClO4 -, even though ClO4 -has a higher hydrophobicity in the Hofmeister series. This can be explained as being due to size effects between the exchangeable anion and micropores in the PANI/PVA colloidal matrix. In general, the capacity of a common ion-exchange resin is invariant in similar solutions, and is related to the density of the ion-exchange sites in the ion exchanger. However, in this experiment, the relative properties of anion-exchange sites and colloidal particles to some extent determine the degree of exchange in otherwise identical solutions. That is, larger anions cannot reach the inner anionexchange sites due to a sieve effect of the colloidal matrix.
This sieve effect was then examined with respect to the ionexchange properties and the ionic radii of the exchangeable anions for the PANI/PVA colloidal powder. The molarequivalent conductivity in an infinite dilute aqueous solution is often substituted for the ionic radius in aqueous solution. The molar-equivalent conductivities increase in the sequence SCN -< ClO4 -< NO3 -< Cl -< Br -(0.0066, 0.00673, 0.007142, 0.007631 and 0.00781 m 2 S mol -1 , respectively). 14 Therefore, the expected sequence of ionic radius according to the molarequivalent conductivity conflicts with the ion-exchange selectivity described above. Since the decrease in the molar equivalent conductivity corresponds to an increase in the radius of the hydrated-ion, the ion-exchange selectivity again appears to be dominated by the hydrophobicity of the exchangeable anion. The exchangeable anions therefore appear to readily eliminate the water of hydration in the hydrophobic environment of the colloidal matrix.
The ion-exchange sequence for thiocyanate and perchlorate anions disagrees with the orders of the molar-equivalent conductivity and lipophilicity. This is attributed to the difference in the ionic radii involved in the elimination of the water of hydration. The crystal-ionic radii of thiocyanate and perchlorate anions are 0.195 and 0.236 nm, respectively. 15 Thus, thiocyanate can pass through into the colloidal matrix more readily than perchlorate to exchange at inner cationic sites of PANI. The mobility would also be affected by the molecular structure; the linear structure of thiocyanate results in a smaller anion than the regular tetrahedron structure of perchlorate. This further supports the suggestion that anion-exchange at the inner sites is inhibited by a sieving effect due to the porous nature of the colloidal matrix. This gives rise to the high effective ionexchange capacity of SCN -. The reversal of the order with respect to Cl -and Br -can be attributed to a similar mechanism (crystal ionic radii; 0.167 and 0.182 nm, respectively). 15 The exchangeable ion, which has a higher hydrophobicity, indicates a smaller ion size in the colloidal matrix because of an easy elimination of the water of hydration. The diffusion of ions into the polymer matrix is affected by the pore size of the matrix, which is related to the size of anions incorporated during polymerization. Therefore, the ion-exchange capacity can be controlled via the properties of the colloidal matrix.
Influence of dopant anion species
The results appear to show that the ion-exchange properties of PANI/PVA colloid vary according to the polymerization conditions through the size of the pores formed by the dopant anion. The influence of the dopant anion species on the subsequent ion-exchange properties was investigated by preparing a colloidal powder with various dopant anions. In order to exclude the effect of the hydrophobic interaction, dopant anions were replaced with Cl -by washing with 1.0 × 10 -3 mol dm -3 HCl solution. The colloidal powder prepared in a HNO3 solution and pretreated in an HCl solution is referred to here as PANI/PVA (NO3
The ion-exchange properties between these colloidal powders and Br -in the solution at pH 4 were then measured. A similar experiment was performed using NO3 -as the replacement anion. Table 2 gives the ion-exchange equilibrium constants and effective ionexchange capacities of colloidal powder polymerized with various dopant anion species. The results of these experiments were inconsistent with the results of a non-replaced colloidal powder. This may be due to a lack of complete anion replacement during polymerization, which is reasonable considering the difficulty involved in completely replacing the dopant anion by washing. The results of these experiments are therefore not useful for analysis, and are not given in the table.
The effective ion-exchange capacity of PANI/PVA colloidal powder is then related to the properties of the dopant anion during polymerization. The order of the effective ion-exchange capacity for various dopant anions is very close to that for various exchangeable anions, as described above. A higher effective ion-exchange capacity of PANI/PVA colloidal powder was obtained by using a dopant anion with a smaller ionexchange capacity as an exchangeable anion. Polymerization with such a larger dopant anion species results in the formation of a composite colloid with a more open matrix, which facilitates ion-exchange at the inner cationic site of the PANI/PVA colloid. Because PANI/PVA colloid polymerized with a larger dopant anion, such as benzensulfonic acid (BS -), has a larger effective ion-exchange capacity. Conversely, PANI/PVA polymerized with ClO4 -has a smaller effective capacity because of the closely colloidal matrix. The perchlorate anion behaves as smaller dopants in the colloidal matrix due to its lower hydration energy. That is to say, the colloidal matrix can be controlled by the dopant anion sizes in polymerization, like a molecular template. These colloidal matrix sizes are based mainly on the radius of the hydrated ion. Hydrophobic ions behave like smaller ions because of the weakly hydration energy. Consequently, the degree of ion-exchange for the PANI/PVA colloidal particles is regulated by the properties of the colloidal matrix, which acts as a sieve based on the dopant anion sizes. If control of the sieve effects can be achieved easily, PANI/PVA composite colloid could be used as a readily customized separation medium that can be prepared quickly in aqueous solution.
